We present here the first spectroscopic and photometric analysis of the double-lined eclipsing binary containing the classical, first-overtone Cepheid OGLE-LMC-CEP-2532 (MACHO 81.8997.87). The system has an orbital period of 800 days and the Cepheid is pulsating with a period of 2.035 days.
breakthrough came with the pioneering work of Pietrzyński et al. (2010) on the classical Cepheid OGLE-LMC-CEP-0227 and since then a number of other Cepheids in eclipsing binaries have been spectroscopically confirmed (Pietrzyński et al. 2011; Graczyk et al. 2013; Gieren et al. 2014) . As the methodology has improved and more data are gathered it becomes possible to measure the radii and masses of Cepheids with an accuracy of 1% as shown by Pilecki et al. (2013) , a reanalysis of the OGLE-LMC-CEP-0227 system.
Interest in Galactic binary Cepheids has been also recently revived thanks to the spatial detection of high-contrast companions from longbaseline interferometry (LBI) and adaptive optics (AO) imaging (Gallenne et al. 2014a (Gallenne et al. , 2014b and references therein). So far, only one Galactic Cepheid -Polaris -has its mass measured (Evans et al. 2008) , but with the use of AO and LBI, it will be possible to combine astrometric motions with radial velocities to obtain an independent estimate of the mass and distance of Galactic Cepheids.
The binary nature of OGLE-LMC-CEP-2532 (LMC-SC16-119952 in the OGLE project database) was first noticed by Udalski et al. (1999) . One eclipse was detected superimposed on the classical overtone Cepheid variability of 2.035 days. The star was later identified as object 81.8997.87 in the MACHO project database. Alcock et al. (2002) analyzed combined OGLE and MACHO light curves and derived an orbital period of 800.5 days. Using a simple geometrical model with a circular orbit they concluded that the companion to the Cepheid is a much fainter red giant branch star of spectral type K or later. The system was subsequently reanalyzed by Lepischak et al. (2004) using a similar model but allowing for eccentric orbits. Despite of the lack of radial velocity data and the absence of a secondary eclipse they were able to obtain some basic information (like the relative radii, intrinsic colors of the stars and the inclination) with a reasonable accuracy. They also studied different possibilities regarding the nature of the components, but the conclusion was consistent with the findings of the previous authors. Finally, OGLE-LMC-CEP-2532 was again identified as a first-overtone (FO) Cepheid showing eclipses by Soszyski et al. (2008) in their catalog of classical Cepheids in the Large Magellanic Cloud (LMC).
The OGLE-LMC-CEP-2532 system was then included in the Araucaria Project 2 program of precise measurements of the parameters of Cepheids in eclipsing binary systems. First results of our follow-up were given by Graczyk et al. (2013) who reported that the system was a genuine doublelined eclipsing binary on a significantly eccentric orbit. The orbit and the masses of the components were still poorly constrained but the resulting mass ratio was consistent with equal masses for the Cepheid and the secondary star. The binary lies within the 30 Dor star-forming region and the Cepheid component is substantially fainter than a typical overtone Cepheid in the LMC with a period of 2 days. This result was interpreted as evidence for the presence of strong interstellar extinction in this direction (Alcock et al. 2002) .
In this work we present a full analysis of the OGLE-LMC-CEP-2532 system using the same methodology as used by Pilecki et al. (2013) for the OGLE-LMC-CEP-0227 system. We use spectroscopic data from three 4-8m class telescopes and photometry from three surveys spanning 7500 days. We present the orbital solution and the absolute physical parameters of both components. The evolutionary status of the stars is also briefly discussed.
Data
As the object is very faint and lacks the secondary eclipse it was very important to obtain a high-quality radial velocity curve. Moreover the pulsations of the Cepheid and its period of 2.035 days makes the analysis even harder, as the orbital motion has to be separated from the radial velocity changes due to the pulsations. In general one needs at least 30 well spaced measurements.
Using data from three high-class instruments we were able to disentangle the radial velocities and obtain both a high-quality orbital, and pulsational radial velocity curve of the Cepheid.
We obtained 49 high-resolution spectra using the UVES spectrograph (at 25 epochs) at the ESO Very Large Telescope located at Paranal, the MIKE spectrograph (17 epochs) at the 6.5-m Magellan Clay telescope at Las Campanas and the HARPS spectrograph (9 epochs) attached to the ESO 3.6-m telescope at La Silla.
Velocities were measured using the Broadening Function method (Rucinski 1992 (Rucinski , 1999 implemented in the RaveSpan software (Pilecki et al. 2012) . Measurements were made in the wavelength interval 4125 to 6800Å. Spectra taken from the library of Coelho et al. (2005) were used as templates. The typical formal errors of the derived velocities are ∼ 800 m/s. The measurements are listed in Table 1 and shown later in the Section 3. In some cases where line profiles of both companions were blended, only the velocity of the Cepheid (number 1 in the table) was measured. We assumed that all three spectrographs are on the same velocity system.
A total of 1322 photometric measurements in the I-band and 231 in the V -band were collected with the Warsaw telescope by the OGLE project (Udalski 2003) and during time granted to the Araucaria project by the Chilean National Time Allocation Comittee (CNTAC). We have also used instrumental V -band and R-band data from the MACHO project downloaded from the webpage http://macho.anu.edu.au and converted to the Johnson-Cousins system using equations from Faccioli et al.(2007) . We augmented our data with R EROS (equivalent to JohnsonCousins I) data from the EROS project (Kim et al. 2014) 3 . The EROS identification of this system is lm0034l19415. During a literature search we also found data for this system obtained by Lepischak et al. (2004) , but because of the small number of out-of-eclipse observations we could not merge these univocally with the rest of our data and they were not included in the analysis.
The basic photometric information is given in Table 2 and all of the photometry used in this work is shown in Fig. 1 . The photometic and radial (2012) velocity observations are available online at: http://araucaria.astrouw.edu.pl/p/cep2532 Out-of-eclipse light curves of OGLE-LMC-CEP-2532 folded with the pulsation period are plotted in Fig. 2 . A quick analysis of the shape of the I-band light curve of the Cepheid component through its Fourier decomposition parameters confirmed that the star is a first-overtone pulsator as already stated by Udalski et al. (1999) and Lepischak et al. (2004) . We stress that at pulsation periods around 2 days the Fourier decomposition parameters firmly discriminate first-overtone and fundamental mode pulsators (Soszynski et al. 2.-Out-of-eclipse light curves of the OGLE-LMC-CEP-2532 folded with the ephemeris T max (HJD) = 2454507.1019 + 2.03534862×E. The pulsational light curves contain the light of the companion. Y-axis span is always the same (0.4 mag) -one can see that the amplitude is smaller for the redder filters.
Results
From an analysis of the radial velocity curve of a binary star one can obtain the orbital parameters of the system. The situation is complicated in this case by the pulsational variability of the Cepheid superimposed on the orbital motion. Using the RaveSpan software we have fitted a model of Keplerian orbit (i.e. proximity effects were not included) with an additional Fourier series representing the pulsational radial velocity curve of the Cepheid.
We simultaneously fitted the reference time T 0 , the eccentricity e, the argument of periastron ω, the velocity semi-amplitudes K 1 and K 2 , the systemic velocities γ 1 and γ 2 , and 8th-order Fourier series. The period P was initially held fixed at the estimated value of 800.4 days. The fitting was later repeated with fixed values of P = 800.4191 and T 0 = 5199.697 as obtained from the analysis of the photometry to ensure the consistency of the model.
In this way we have obtained the coefficients describing the pulsational radial velocity curve and the parameters describing the orbital motion separately. The orbital radial velocity curve along with the best fitted model is shown in Fig. 3 . To obtain the radial velocity curve of the Cepheid we then subtracted the orbital motion from the measured velocities. This pulsational curve is shown in Fig. 4 together with the radius change calculated with an assumed p-factor 1.2. The orbital solution is presented in Table 3 . The photometric data were analyzed using a version of the JKTEBOP code (Popper & Etzel 1981 , Southworth 2004 modified to allow the inclusion of pulsation variability. We have previously used this package in the analysis of the OGLE-LMC-CEP-0227 system , hereafter P13), and we refer the reader to this work for more details. However, the OGLE-LMC-CEP-2532 system is fainter (and thus the quality of the data is lower), and there is no evidence for a secondary eclipse in the data. This makes the system more complicated to analyze and forced us to introduce some simplifications.
First, during the analysis we kept the eccentricity and the argument of periastron fixed as the lack of a secondary eclipse makes it impossible to get a reliable determination of these parameters from the light curve alone. We adopted values from the orbital solution for these parameters.
Second, the value of the p-factor was held fixed. The small radius change of the first-overtone Cepheid (see Fig. 4 ) means that the effect on the light curve is not significant given the quality of the data. We adopted a value of 1.2 (as derived for the Cepheid OGLE-LMC-CEP-0227, see P13), but within the expected range its effect on the results is negligible. In fact, when we tried to include the parameter in the analysis without any constraints we obtained a value p = 0.7 ± 1.4. Any realistic value (1.1-1.5) is well within 1-σ range. The full amplitude of the radius change of the Cepheid is 1.05R ⊙ for an assumed p = 1.2.
Third, we did not take third light into account. There is no indication of any in the collected spectra, and the quality of the photometry and the lack of the secondary eclipse preclude a reliable analysis assuming the presence of third light.
Fourth, the limb darkening coefficients for the secondary component were calculated for a temperature of 5000 K, but as the star is not eclipsed, this has no effect on the results. For the Cepheid we tried limb darkening coefficients for a range of effective temperatures between 3500 and 7000 K taking into account the low value obtained for OGLE-LMC-CEP-0227 (P13). However the results did not change significantly with the maximum difference in the χ 2 between the best models being 0.3. For the final model we adopted a temperature of 6500 K, a value consistent with that calculated in Section 3.2. For all calculations we used stellar limb darkening tables published by Van Hamme (1993) and a logarithmic law as indicated by the results of analysis in P13.
In general, with only a primary eclipse visible it is hard to reliably determine the radii of the components and the inclination of the system. In this case, however, there are some factors which helped us to obtain a well defined model. The orbital parameters suggest that the secondary eclipse should appear at phase 0.46. Our photometry data rule out any eclipse deeper than 0.003 mag in the Iband at this phase. This puts a tight upper limit for the orbital inclination and the sum of the radii -a higher inclination or a larger sum of the radii would make the secondary eclipse deeper and visible. Moreover, the pulsational variability influences the eclipse shape by the change of the radius and the temperature of the eclipsed component. Our analysis does not remove the pulsations from the light curves and so we obtain additional information in comparison with a singe-eclipse binary system of two stable stars. And finally, we made a simultaneous modeling of the light curves in three different passbands assuming the same system geometry. This improved the quality of the results by removing some correlations between model parameters, there is a significantly smaller number of parameter sets that simultaneously match the three different light curves.
We varied the following parameters in deriving the final model: the fractional radius of the pulsat- Fig. 6 .-Close-up on the selected eclipses. The eclipse is caused by the transit of the companion star over the disc of the Cepheid. As expected the pulsation amplitude is lower during eclipses due to the smaller contribution of the Cepheid to the total light. The rms is about 0.01, 0.02 and 0.03 for I C , R C and V , respectively.
ing component at phase 0.0 (pulsational) -r 1 , the fractional radius of the second component -r 2 , the orbital inclination i, the orbital period -P orb , the epoch of the primary minimum -T I and the component surface brightness ratios in all three photometric bands at phase 0.0 (pulsational) -j 21 . The radius change of the Cepheid was calculated from the pulsational radial velocity curve using the assumed p-factor value and the change of the surface brightness ratios from the instantaneous radii and out-of-eclipse pulsational light curves (for details, see P13). The search for the best model (lowest χ 2 value) was made using the Markov chain Monte Carlo (MCMC) approach (Press et al. 2007 ) as described in P13. The best fit photometric parameters are presented in Table 4 . Using these parameters we generated a model for each light curve. A portion of the I-band data is presented in Fig. 5 , no systematics are visible in any part of the light curve. In Fig. 6 we show a close-up of selected eclipses for each passband. The amplitude is larger toward blue wavelengths, and the quality of the data is the best for the I-band data and the worst for the V -band data.
Most of the parameters fitted in our approach are independent and do not exhibit any significant correlation. With the eccentricity and the p-factor fixed the only significant correlation is between the inclination and the surface brightness ratios, between the orbital plane inclination i and the sum of the radii r 1 + r 2 and between the radii themselves (almost a perfect anti-correlation). The first two are shown in Fig. 7 . Note that because of the correlation the sum of the radii is much better constrained that the individual radii themselves (see Table 4 ).
Eclipses
To better understand the configuration of the system using the derived parameters we calculated the distances between the stars at important phases. At the phase of the primary eclipse the distance between the components is about 500R ⊙ , while at the phase of the secondary eclipse it is about 930R ⊙ . This difference, together with the orbital inclination, is responsible for the apparent lack of a secondary eclipse. However, calculating the projected distance between the centers of the stars shows that a grazing eclipse is possible. At the primary eclipse this distance is 35.1R ⊙ , and at the secondary the distance is 65.5R ⊙ , while the sum of the radii changes between 66.1 and 67.2 R ⊙ depending on the radius of the Cepheid. The configuration at both phases is illustrated in Fig. 8 . 
Reddening and Absolute Dimensions
Within the JKTEBOP code there is no need to specify the temperatures of the components of an eclipsing binary. However, when using tabular limb darkening coefficients in light curve modeling some estimate of temperature is needed. Initially we assumed an effective temperature of the primary component of 5000 K. After obtaining the first photometric solution we derived temperatures of both components as follows. Using surface brightness ratios j 21 (V ) and j 21 (I C ) and relative For the Cepheid (white) the minimum and maximum radius is shown. For the companion (light grey) the 1-σ radius error is marked with dark-grey color (it is of the same order for the Cepheid but is not shown for clarity). The distances between the stars are about 500 R ⊙ and 930 R ⊙ at the primary and secondary eclipse, respectively. Star centers are marked with crosses.
radii of components r 1 , r 2 we calculated light ratios in two bands: L 21 (V ) and L 21 (I C ) (see Table 4 ). As a first step in deriving the reddening of the system we calculated the differential (specific minus LMC average) extinction as follows. Utilizing the observed (reddened) period-luminosity relations for FO Cepheids in the LMC (Soszyski et al. 2008) we derived the expected observed mean magnitudes of the Cepheid in the V -band and I Cband for a pulsation period of P=2.035 d. We then calculated the magnitudes of the companion star using previously derived light ratios and combined the light of both stars to get the expected mean magnitude of the system in the V -band and I Cband. Comparison of these magnitudes with the observed mean magnitudes of the system (see Table 2 ) showed a high degree of reddening, consistent with the results of Alcock et al. (2002) . Subtracting expected magnitudes from the observed values we obtained the differential extinction in both bands -see Table 5 .
The derived values for the extinction were converted into a color excess E(B-V) assuming R V = 3.1 and the ratio of extinction in both bands A I /A V =0.59. We obtained similar E(B-V) from each band and we calculated an average of E(B-V)=0.53±0.06 mag, where the error takes into account the uncertainty of the light ratio of the components and the internal spread of periodluminosity relations for FO Cepheids. This reddening does not include foreground and mean internal reddening of the LMC. The mean extinction of the LMC is A V = 0.38 (Imara&Blitz 2007), corresponding to E(B-V)=0.122 mag. The total color excess in the direction of OGLE-LMC-CEP-2532 is thus E(B-V)=0.65±0.08 mag. This reddening is significantly larger then the reddening derived by Alcock et al. (2002) , but we benefit from a more precise magnitude disentangling of the components in two bands and the longer wavelength baseline between V and I. The reddening corresponds to a total extinction of A V = 2.03 mag and A I = 1.2 mag. Combining the dereddened magnitudes of the system and the light ratios we then derived an individual magnitude for each component. Absolute magnitudes were derived assuming the distance modulus from Pietrzynski et al. (2013) -see Table 5 . Ripepi et al. (2012) reported a preliminary dereddened period luminosity relation for classical Cepheids in the LMC for the K-band. From their relation we derived a dereddened magnitude of the Cepheid component of K = 14.68 mag. Using our measured reddening and the relation A K = 0.34 · E(B − V ) we estimated a total extinction in the K-band as A K = 0.21 mag. The mean observed magnitude of the OGLE-LMC-CEP-2532 system reported by Ripepi et al. (2012) is K = 13.72 mag, and thus the dereddened magnitude of the companion is K = 13.94 mag (see Table 5 ). Finally, from the individual magnitudes we derived intrinsic (V-K) and (V-I) colors (see Table 6 ). These colors were used to calculate temperatures and bolometric corrections of the components using the calibration of Worthey & Lee (2011) . We obtain consistent temperatures (within 120 K) using both colors suggesting that the estimate of the total extinction is reliable. Average values from both colors are 6467 K and 4660 K for the Cepheid and the companion, respectively. The (V-K) and (V-I) colors of the companion are consistent with spectral type K1 ± 1 subtype according to the calibration by Bessell & Brett (1988) .
The absolute dimensions of the components are summarized in Table 6 . Using individual bolometric magnitudes (Table 5 ) and the absolute bolometric magnitude of the sun M ⊙ = +4.83 mag we derived the luminosities of the components. Combining this information with the absolute radii we obtained effective temperatures of 6223 K and 4945 K for the components. These temperatures are slightly different from those obtained from color indices. Finally we adopted an average of both temperature estimates. Table 6 presents the physical parameters of both components. The error in the estimate of the Cepheid mean radius is of the same order as the total radius change, this makes an independent determination of the p-factor for the OGLE-LMC-CEP-2532 Cepheid impossible with the current data. The spectral type of the Cepheid was estimated from the effective temperature using the calibration given by Alonso et al. (1999) . The age and the evolutionary status of the bi- Soszyński et al. (2008) c extinction corrected (dereddened) relation for FO classical Cepheids from Ripepi et al. (2012) d from light ratio of the components e bolometric corrections from Worthey&Lee (2011) f added foreground and mean internal reddening of the LMC: AV = 0.38 mag and AI = 0.22 mag ) 716.8 ± 5.9 nary system components can be constrained using isochrones. We adopt isochrones computed with the PARSEC code (Bressan et al. 2012 ). The isochrone (its age) was selected to minimize the χ 2 function including luminosities, effective temperatures and radii of the two components. Since we do not have a metallicity determination for the system, several sets of isochrones for different metallicity were considered. Baranowski et al. 2009 for details). The selected isochrone corresponds to log age = 8.266, ∼ 185 million years, with only a weak dependence on metallicity or mass loss rate (neglected in the presented isochrone). Both components are in a corehelium burning phase. The more massive Cepheid component is evolutionary more advanced and located at the end of the blue loop, well within the instability strip for first overtone Cepheids.
Evolutionary status
g from relation AK = 0.34 · E(B − V )
Conclusions
We have presented an analysis of the detached eclipsing binary Cepheid OGLE-LMC-CEP-2532, using the same methodology as for the OGLE-LMC-CEP-0227 system (P13). The faintness of the system and the lack of a secondary eclipse in the light curve imposed some simplifications in the analysis. Despite these inconveniences we were able to derive the most important parameters of the Cepheid and the secondary component with good accuracy. The mass determination with an error of about 2.5% is still one of the best measurements for Cepheid stars so far. It will serve well to solve the so-called Cepheid mass discrepancy problem and will allow to study the physics of classical Cepheids in general, as well as derive the relations connecting the mass of Cepheids with other parameters.
To test our model we have calculated the expected radius from the period-radius relations taken from Sachkov (2002) for fundamental and first-overtone mode Cepheids. We obtain radius values of 20.67 ± 0.50R ⊙ and 26.8 ± 3.9R ⊙ , respectively. Our determination of the Cepheid radius (28.95±1.4R ⊙ ) is consistent with the latter, which confirms that the star is a first-overtone pulsator as already indicated by the Fourier decomposition. It also shows that the degeneracy between R 1 and R 2 was resolved well during the analysis.
The radius change of the first overtone Cepheid analyzed here has a very small amplitude (about 1R ⊙ ) as compared to the fundamental mode Cepheid in the OGLE-LMC-CEP-0227 system (about 4R ⊙ ). Together with the faintness of the OGLE-LMC-CEP-2532 and the corresponding lower quality of the data, it was impossible to derive the p-factor for the Cepheid in this system.
Although good quality results were obtained this star is still an interesting object to follow. To better constrain the parameters and have a more accurate estimate of the p-factor more spectra have to be collected to better cover both the pulsational and the orbital radial velocity curve, but because of the long 800-day period this will take a few more years at least. Additional eclipse photometry over a wide wavelength range is also highly desirable. The secondary eclipse is probably too shallow to detect but with more measurements of better quality at the exact phase tighter constraints would be set on the inclination and the sum of the radii.
